Neointimal proliferation after vascular injury is a key mechanism of restenosis, a major cause of percutaneous transluminal angioplasty failure and artery bypass occlusion. Emodin, an anthraquinone with multiple physiological activities, has been reported to inhibit proliferation of vascular smooth muscle cells (VSMCs) that might cause intimal arterial thickening. Thus, in this study, we established a rat model of balloon-injured carotid artery and investigated the therapeutic effect of emodin and its underlying mechanism. Intimal thickness was analyzed by hematoxylin and eosin staining. Expression of Wnt4, dvl-1, β-catenin and collagen was determined by immunohistochemistry and/or western blotting. The proliferation of VSMC was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and electron microscopy. MicroRNA levels were quantified by real-time quantitative PCR. Emodin relieved injury-induced artery intimal thickness. Results of western blots and immunohistochemistry showed that emodin suppressed expression of signaling molecules Wnt4/Dvl-1/β-catenin as well as collagen protein in the injured artery. In addition, emodin enhanced expression of an artery injury-related microRNA, miR-126. In vitro, MTT assay showed that emodin suppressed angiotensin II (AngII)-induced proliferation of VSMCs. Emodin reversed AngII-induced activation of Wnt4/Dvl-1/β-catenin signaling by increasing expression of miR-126 that was strongly supported by transfection of mimic or inhibitor for miR-126. Emodin prevents intimal thickening via Wnt4/Dvl-1/β-catenin signaling pathway mediated by miR-126 in balloon-injured carotid artery of rats.
INTRODUCTION
Stent implantation via arterial blood vessel has revolutionized the interventional therapy of obstructive artery disease. Although drug-eluting stents have dramatically reduced occurrence of restenosis, 1-3 , it is still a major limitation for the long-term prognosis after arterial surgery. It has been widely accepted that restenosis occurs because of proliferation of medial vascular smooth muscle cells (VSMCs) and migration and formation of large extracellular matrix secretion, resulting in neointimal thickness. 4 Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone), an anthraquinone with multiple physiological activities, has been widely reported to play roles in inhibiting cell proliferation, inducing apoptosis and suppressing migration, invasion and angiogenesis in cancers. [5] [6] [7] [8] Emodin has also been demonstrated to inhibit VSMC proliferation, [9] [10] [11] implying a promising therapy of emodin for preventing restenosis. However, in vivo study of anti-restenosis with emodin is lacking, and the mechanism involved remains undefined.
The family of Wnt proteins, which were first identified in drosophila wingless mutants, has a well-established role in embryogenesis and development. Emerging data show that Wnt proteins also regulate VSMC proliferation, migration and survival. [12] [13] [14] As a dependent factor for canonical Wnt signaling, β-catenin expression and activation has been reported to be related with proliferation of VSMCs in vitro and in vivo after balloon injury of the rat carotid artery. 12, [15] [16] [17] However, the involvement of Wnt/β-catenin signaling in emodin regulation of arterial restenosis remains to be explored.
Wnt/β-catenin signaling has been reported to be involved with microRNA (miRNA) regulation of gene expression in cancer. 18 The miRNAs are a class of highly conserved, singlestranded, noncoding small RNAs that control cellular function by either degrading mRNAs or inhibiting their translation. It has been reported that the miRNAs, as powerful regulators of gene expression, are involved in the modulation of VSMC migration and dedifferentiation and have crucial roles in intimal thickening after vascular injury. 19 In response to vascular injury, miRNAs contribute to the formation of neointimal lesions and exhibit a dynamic profile in injured vessel walls. 20, 21 Little is known about the regulatory role of miRNAs on Wnt/β-catenin signaling pathway in injured arteries.
In this study, we established a rat model for balloon-injured carotid artery and aimed to evaluate the role of emodin in intimal thickening in vivo. We directly assessed whether Wnt/β-catenin signaling was involved in this process and aimed to identify the regulatory relationship between miRNAs and Wnt/β-catenin signaling in the emodin-induced inhibition of VSMC proliferation.
MATERIALS AND METHODS Regents
Emodin was obtained from Shanghai Yuanye Bio-Technology Co., Ltd (purity 498%; batch lot, 20110323; Shanghai, China). Angiotensin II (AngII), a stimulant for proliferation for VSMCs, was obtained from Sigma (St Louis, MO, USA). LiCl, an inhibitor for Wnt/β-catenin pathway, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma. The primers for miRNAs were synthesized by Sangon (Shanghai, China). Antibodies against DVL-1, COL1A1(C-18), COL3A1(C-15) and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibodies to β-catenin and Wnt4 (rabbit monoclonal antibody) were purchased from Cell Signaling Technology (Danvers, MA, USA). All of the cell culture media and other reagents were from Invitrogen (Shanghai, China).
Animal models of intimal thickening
A total of 33 Sprague-Dawley rats (weight 350-400 g, purchased from the Animal Experiment Center of Zhejiang Chinese Medicine University, Hangzhou, China) were randomized into three groups. The first group was the operation group (n = 11) in which animals were anesthetized by intraperitoneal injection of 30 mg kg − 1 pentobarbital, and an incision was made in the center of the neck. After the jugular vein was injected with 100 U kg − 1 heparin, the common carotid artery was isolated using blunt separation followed with temporary occlusion by vascular clamps at the proximal ends of the right common carotid arteries. A 1.5 × 12 mm PTCA balloon catheter (Medtronic, Minneapolis, MN, USA) was inserted gently from the incision on external carotid arteries ∼ 2.0 cm into the common carotid arteries. The artery was injured by balloon inflation at 5 atm, followed by drawing back and pushing forward 5 times. After damage, the catheter and ligated external carotid arteries were withdrawn, the bulldog clamp (Medtronics) was removed to restore blood flow and the incision was sutured. The rats were resuscitated and then maintained with normal diet feeding. The second group was a sham operation group (n = 11) in which the animals were operated according to above method without undergoing artery injury by balloon catheter. The third group was the emodin group (n = 11) in which 40 mg kg − 1 day emodin (obtained from Yuanye Bio-Technology) was given by intragastric administration for 1 week before balloon injury and sustained for 6 weeks after operation. All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication No. 93-23, revised 1985) and were approved by the institutional care and use committee.
Histochemistry and immunohistochemistry
Ligated carotid arteries were removed at 2 or 6 weeks after balloon injury and embedded longitudinally in paraffin wax to assess intimal and medial lesion size by hematoxylin and eosin staining. Image analysis was performed with Image Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA), and the intimal/medial thickness was calculated as follows: intimal thickness = (internal plastic layer surrounding area/π) 1/2 − (luminal area/π) 1/2 , and medial thickness = (external plastic layer surrounding area/π) 1/2 − (internal plastic layer surrounding area/π) 1/2 . Each measurement was taken 3 times to obtain the mean.
Immunohistochemistry was performed on rat carotid artery paraffin wax-embedded sections using primary antibodies against Wnt4 (rabbit polyclonal antibody, Bioss Inc., Woburn, MA, USA). Nonimmune IgG was used as a negative control. Biotin-labeled goat-anti-rabbit IgG served as the secondary antibody. Wnt4 was located on the cellular membrane as well as in the cytoplasm.
VSMC culture
Aortas were obtained from Sprague-Dawley rats, and VSMCs were grown from aortic explants and used at passages 3 to 6. Cells were treated with different conditions when they reached 75-85% confluence: (1) AngII (Sigma) at 1 × 10 − 6 mol l − 1 (determined by prestudy) for 48 h; (2) 
RNA extraction and real-time quantitative PCR
Total RNA was extracted using the TRIzol method (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA was reverse transcribed using Superscript III reverse transcriptase (Life Technologies, Carlsbad, CA USA) and miRNA primer. After reverse transcription, complementary DNA was subjected to quantitative PCR. MiRNA-specific looped primers were used. TaqMan micro-RNA assays (TaKaRa, Tokyo, Japan) for miR-221, miR-221, miR-126, miR-145, miR-21 and miR-210 were used for PCR amplification as described in the manufacturer's instructions. All reactions were performed in triplicate in a final volume of 10 μl. Quantification was achieved after normalization using 18S ribosomal RNA values.
Western blot assay
A total of 20 μg protein was separated on NuPAGE Novex 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA, USA) and transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% nonfat dry milk in phosphate-buffered saline containing 0.05% Tween for 1 h. After being washed with phosphate-buffered saline containing 0.05% Tween, the membrane was separately incubated with primary antibody overnight at 4°C and washed 4 times and incubated with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) for 1 h. Film was developed by chemiluminescence (PerkinElmer, Boston, MA, USA). Primary antibodies against rat Wnt4 (1:500), Dvl-1 (1:1000), β-catenin (1:500), COL1A1 (1:500) and COL3A1 (1:500) were used to detect the expression of protein in SMCs. Anti-β-actin (1:2000) was used to normalize loading variability.
MTT proliferation assay
The VSMC proliferation was determined by MTT assay. After incubation as described above, endothelial progenitor cells were digested with 0.25% trypsin and 0.02% EDTA. After centrifugation and resuspension in Dulbecco's modified Eagle's medium and 10% fetal bovine serum, 10 4 cells were cultured in serum-free medium in a 96-well culture plate (200 ml per well), whereas serum-free medium served as a control. After 72 h of culture, VSMCs were supplemented with 20 ml of MTT (5 g l − 1 ) and incubated for another 4 h. Then, the supernatant was discarded by aspiration, and the VSMCs preparation was shaken with 150 ml of Dimethylsulfoxide (DMSO) for 10 min before the optical density value was measured at 490 nm.
Cell treatment with miRNA inhibitor or mimics
VSMCs were treated with miR-126 mimic or miR-126 inhibitor (Ambion Pre-miR miRNA Precursors, Life Technologies, Ambion, Carlsbad, CA, USA) using Oligofectamine reagent (Life Technologies, Invitrogen, Milan, Italy) according to the manufacturer's instructions. MiRNA mimic negative control and miRNA inhibitor negative control served as negative controls in the respective experiments. Further analysis of the samples (infection or RNA isolation) was performed at 48 h after transfection. VSMCs were treated by indicated reagents after 6 h when pretreated with miR-126 mimics, miR-126 inhibitors or their negative controls.
Luciferase reporter assay
Prediction of miR-126 potential targets within the Wnt4 3′ untranslated region (UTR) was performed with miRanda software online (Target Scan: http://www.targetscan.org/, miRanda: http:// www.microrna.org/, PITA: http://genie.weizmann.ac.il/). Fragments of 3′UTR of Wnt4 gene harboring the predicted miR-126-binding sites were cloned into the firefly luciferase reporter plasmid pMIRReport (Ambion, Carlsbad, CA, USA) according to the manufacturer's protocol. The plasmid was transfected into VSMCs, and the cells were incubated for 24 h. After transfection, cells were harvested or lysed, and luciferase reporter activities were measured using the Dual-Glo Luciferase Assay System (Promega Corp., WI, USA). Firefly luciferase activity was normalized to Renilla luciferase activity and total protein determined using the bicinchoninic acid protein assay kit. Values for cells without miRNA mimic transfection were set equal to 1.
Statistical analysis
Numerical data were represented as mean ± s.d. Continuous variables were tested for normal distribution with the Kolmogorov-Smirnov test. Differences between groups were assessed using one-way analysis of variance followed by the least significant difference test as a post hoc comparison. A value of Po0.05 was considered statistically significant. All statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) 16.0 software (IBM Corp, NY, USA) for Windows.
RESULTS

The establishment of a rat model of intimal thickening
Left carotid artery balloon injury was performed in rats. At 6 weeks after surgery, carotid arteries were removed, and integral and medial thickness were assessed by hematoxylin and eosin staining. The results showed that injured carotid artery of the rats was markedly thickened, the intima was protruding into the albumen, cells and fibers were irregular and part of the internal elastic plate was damaged in the balloon injury group (Figure 1a) . All morphologic features improved in rats that were administered emodin. Statistically, both the intima and media layers showed a thickening in the balloon injury group compared with the sham group. Because the thickness was partly reduced in rats that received emodin, it suggests an anti-restenosis effect of emodin (Figure 1b) . To further assess the downstream signal of Wnt4 that mediates emodin-induced prevention of artery stenosis, we examined levels of Dvl-1 and β-catenin in injured arteries by using the western blot assay. The resulting data revealed that expression of Dvl-1 and β-catenin protein was activated by vascular balloon injury, but was inhibited in rats administered emodin (Figure 2c ). In addition, expression of collagen-1 and collagen-3, which contributes to neointimal thickness, was also determined. As shown in the lower portion of Figure 2c , artery injury induced upregulation of collagen-1 and collagen-3 in the operation group, whereas the increase was reversed by emodin treatment, indicating a molecular basis for the anti-restenosis effect of emodin.
Emodin inhibited
Wnt4/Dvl-1/β-catenin signaling in vivo during intimal thickening We tested expression of Wnt4 protein in injured carotid arteries using immunohistochemistry.
Emodin inhibited proliferation of VSMCs
To analyze the molecular mechanism underlying antirestenosis effect of emodin, the experiment was performed in VSMCs. The proliferation of VSMCs was stimulated by AngII as previously performed. Similar to the in vivo experiment, VSMCs were pretreated with different doses of emodin for 24 h before exposure with AngII. Using MTT assay, we confirmed that emodin inhibited AngII-induced cell viability at 40 and 80 μmol l − 1 in a concentration-dependent manner (Figure 3a) . Representation of the inverted microscope images showed that normally growing cells exhibited elongated spindles and that AngII clearly accelerated cellular growth (Figure 3b) . However, proliferation of VSMCs was suppressed by emodin treatment in a concentration-dependent manner. These data indicated an antiproliferation effect of emodin in VSMCs.
Emodin inhibited levels of miR-126 and Wnt4/Dvl-1/β-catenin signaling in VSMCs As mentioned above, decreased expression of miR-126 after arterial injury was improved by emodin, indicating a regulatory role of miR-126 in emodin inhibition of intimal thickness. We therefore verified this pathway by testing emodin-induced inhibition of VSMC growth. As shown in Figure 4a , the expression of miR-126 was downregulated in VSMCs exposed to AngII, whereas the reverse was true in cells treated with emodin. Furthermore, proteins in the Wnt4/Dvl-1/β-catenin signaling cascade were examined by western blot assay in VSMCs. Figure 4b shows an increase in expression of Wnt, Dvl and β-catenin proteins that were downregulated by emodin treatment. In addition, as shown in the lower portion of Figure 4b , AngII-induced upregulation of collagen-1 and collagen-3 was abrogated by emodin treatment, and this is in agreement with in vivo results.
Overexpression of miR-126 inhibited Wnt4/Dvl-1/β-catenin signaling and collagen protein expression To assess the possible regulatory role of miR-126 on the Wnt4/Dvl-1/β-catenin signaling pathway in AngII-stimulated VSMCs, cells were treated with a miR-126 mimic that enhanced expression of miR-126 before exposure to AngII (Figure 5a ). Prediction of potential miR-126 targets in the Wnt4 3′UTR was performed with miRanda software (data was not shown). At 48 h after miR-126 mimic transfection, Wnt4 3′ UTR activity was significantly attenuated (Figure 5b ) and expression of AngII-induced Wnt4/Dvl-1/β-catenin signaling proteins was also inhibited (Figure 5c ), indicating a negative regulatory effect of miR-126 on Wnt4/Dvl-1/β-catenin signaling in VSMC proliferation. In addition, miR-126 overexpression suppressed AngII-induced expression of collagen-1 and collagen-3 in VSMCs, and this inhibition was reversed by LiCl (an agonist for Wnt4/β-catenin signaling) (Figure 5d ).
Silencing miR-126 abrogated the antagonistic effect of emodin on protein expression and growth of VSMCs To further confirm the negative regulation correlation between miR-126 inhibition and the Wnt4/Dvl-1/β-catenin signaling pathway during emodin treatment, miR-126 was knocked down by miR-126 transfection (Figure 6a ) before VSMCs were exposed to AngII and or emodin, and signaling protein expression was evaluated. Wnt4 3′UTR activity was enhanced by silencing miR-126 (Figure 6b ). The western blot results showed that emodin-inhibited expression of Wnt4/Dvl-1/β-catenin proteins was abrogated by silencing miR-126 (Figure 6c ). To test whether this signaling change had an effect on VSMC growth, cell proliferation was evaluated by MTT assay. As shown in Figure 6d , knockdown of miR-126 also reduced proliferation of cells when compared with the negative control group of emodin+AngII.
DISCUSSION
In this study, we provide the first direct evidence that emodin inhibited intimal and medial thickness in vivo. In addition,
Emodin inhibits thickness via miR-126
J Hua et al we demonstrated that emodin improved restenosis via its inhibitory effect on VSMC proliferation. We then sought to verify the underlying mechanism of this effect, and the results indicated that emodin inhibited VSMC proliferation via inactivating the Wnt/Dvl-1/β-catenin signaling pathway via miR-126 upregulation. The prevention of restenosis by emodin after artery injury is currently ill-defined. However, previous studies have indicated that emodin inhibited proliferation of VSMCs. It is well known that increased VSMC proliferation, migration and apoptosis rates radically alter the composition and structure of the blood vessel wall and contribute to restenosis that occurs after PCI and stent implantation. 22 Yin and Xu 9 found that emodin has an antiproliferative effect on VSMC via blocking the transition of VSMC cell cycle from G0 to S after balloon endothelial denudation. It has also been demonstrated that emodin induces growth arrest and apoptosis of VSMCs. 10, 11 Although these studies imply that emodin exerts a negative effect on proliferation of VSMCs, they do not constitute direct evidence of an anti-restenosis effect of emodin. In this study, the use of balloon-injured carotid artery in rats provides the first direct proof that emodin improved intimal and medial thickness and was involved in preventing morphologic changes of the cells and fibers. A large amount of synthesis and secretion of collagen fibers in VSMCs is also a pathological reaction underlying restenosis after vascular injury. 23 The in vivo inhibition of collagen-1 and collagen-3 expression by emodin in VSMCs also further underlies its role in preventing restenosis.
Recent research has proposed that Wnt signaling is a novel regulator of VSMC proliferation and thereby involved in intimal thickening. The important role of Wnt/β-catenin signaling in SMC proliferation has been demonstrated by a number of important studies over the past decade. 22 Tsaousi et al. 14 showed that the Wnt/β-catenin pathway is a critical modulator of arterial VSMC proliferation in vitro and contributes to pathological intimal thickening in vivo. Although these studies suggest the involvement of the Wnt/Dvl/β-catenin signaling pathway in VSMC proliferation and neointimal thickness, it is not clear whether this pathway is involved in anti-restenosis effect of emodin. In this study, we found that emodin inhibited Wnt/Dvl/β-catenin protein expression in rats after balloon-induced arterial injury, indicating a regulatory role of Wnt/Dvl/β-catenin signaling in emodin-induced improvement in intimal thickness.
In addition, our data showed that several arterial injuryrelated miRNAs were upregulated or downregulated in association with intimal thickness. Interestingly, only the level of miR-126 was regulated by emodin. MiR-126, an endothelialspecific miRNA, has recently been discovered to play a major role in vascular development and angiogenesis. 16, 17 Deletion of miR-126 causes a loss of vascular integrity and produces defects in endothelial cell proliferation, migration and angiogenesis. 9 Previous work has also revealed that miR-126 regulates Wnt/Dvl/β-catenin signaling in coxsackievirus replication. 24 However, no direct evidence was put forward about miR-126 regulation of Wnt/Dvl/β-catenin signaling in mammals. In this study, we predicted that Wnt4 3′UTR contained potential targets for miR-126 with miRanda software (data not shown). This was further demonstrated by Wnt4 3′UTR fluorescence activity assay. In Wnt/Dvl/β-catenin protein expression analysis, we demonstrated that upregulated miR-126 expression by a miR-126 mimic led to negative regulation of Wnt/Dvl/ β-catenin signaling as well as collagen secretion. This effect was effectively reversed by LiCl (an agonist for Wnt/Dvl/β-catenin signaling) in VSMCs exposed to AngII. These findings suggest that the increase in miR-126 during VSMC proliferation contributes to the downregulation of Wnt/Dvl/β-catenin signaling. To confirm this pathway, we investigated Wnt/Dvl/ β-catenin protein expression and cellular growth after knockdown of miR-126. The results show that the miR-126 inhibitor abrogated the inhibitory effect of emodin on Wnt/Dvl/β-catenin signaling, and the decrease of cell viability induced by emodin was also reversed.
In summary, we identified that emodin can inhibit VSMC proliferation and has potential as an effective drug to prevent restenosis after arterial injury. Moreover, we found that activation of miR-126 by emodin was a key mechanism by which emodin inhibits VSMC growth, and the regulation of Wnt/Dvl/β-catenin signaling pathway by miR-126 is critical for the process. These findings enrich our understanding of the functional roles of emodin in arterial restenosis and provide novel insights into the development of therapeutic strategies.
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